The pterional approach represents the standard approach for most lesions of the anterior and middle cranial fossa. It requires some degree of frontal lobe retraction, which may result in temporary or permanent damage of olfaction because of nerve avulsion or mechanical compression. The purpose of this study, based on microanatomic dissection of human cadaveric specimens, was to review the microsurgical anatomic features of the nerve and suggest operative nuances that may contribute to reducing the rate of postoperative olfactory dysfunction. METHODS: Twenty olfactory nerves and tracts were examined in 10 human cadaveric heads obtained from three fresh and seven formalin-fixed adult cadavers. A standard pterional craniotomy was performed. The olfactory nerve was dissected from its arachnoidal envelopes and then mobilized for an average length of 30 mm (range, 25-35 mm).
T he pterional approach represents the standard approach for surgery of most lesions extending in and about the anterior and middle cranial fossa, down to the upper portion of the clivus. This approach offers distinct advantages over others for the treatment of frontotemporal lesions (10) (11) (12) .
In the pterional approach, some degree of frontal lobe retraction is needed. If the retractor is placed across the olfactory nerve, it may cause strain on the nerve and striae. The olfactory nerve may also be pulled out of the cribriform plate as a result of excessive lobe retraction or may be damaged by the ischemic effects of retraction pressure (1) (2) (3) .
In his original description of the pterional approach, Yaşargil (12) emphasized the importance of the dissection of the olfactory nerve along the sulcus to prevent its inadvertent avulsion. Precise knowledge regarding the normal anatomic features of the olfactory nerve and striae and the variations thereof is therefore important.
The purpose of this article, which is based on microanatomic dissections of human cadaveric specimens, is to describe the microsurgical anatomic features of the olfactory nerve and its arachnoidal, neural, and vascular relationships. Although the olfactory nerves were thoroughly examined from all directions, particular emphasis was placed on observations made from the perspective corresponding to the microsurgical pterional-transsylvian approach. The surgical implications of the morphometric data are briefly discussed.
MATERIALS AND METHODS
Twenty olfactory nerves and tracts were examined in 10 human cadaveric heads obtained from three fresh adult cadavers and seven formalin-fixed adult cadavers. In cadaveric head specimens, the arterial and venous systems were injected, under pressure, with colored silicone rubber (Dow Corning, Midland, MI) via the internal carotid arteries and internal jugular veins, respectively. An operating microscope (Carl Zeiss Co., Oberkochen, Germany) set at a magnification of ϫ6 to ϫ40 was used for all dissections and measurements.
The cadaveric head specimens were positioned in the usual manner for the right pterional approach. In all cases, a standard pterional craniotomy was performed, with flattening of the lateral sphenoid ridge and wide opening of the sylvian fissure. A self-retraining retractor was adjusted to gently elevate the basal posterior aspect of the frontal lobe with minimal retraction pressure. The degree of retraction applied was based on our previous surgical experience regarding the retraction that is possible without causing injury to neural or vascular structures, taking into account the decreased tissue compliance of cadaveric brain tissue. The ipsilateral optic nerve and internal carotid artery were exposed. The carotid, chiasmatic, interpeduncular, lamina terminalis, and basal sylvian cisterns were entered and dissected (Fig. 1A) . The terminal portion of the olfactory tract was identified as lying under the surface of the orbital gyrus (Fig. 1B) . The olfactory nerve was dissected from its arachnoidal envelopes, and the nerve was mobilized, facilitating retraction of the frontal lobe (Fig.  1C) . The dissection was continued posteriorly until complete dissection of the olfactory nerve was obtained (Fig. 1D) .
In all cases, the falx was opened to visualize the contralateral olfactory nerve. The contralateral nerve was dissected from its arachnoidal envelopes in a similar manner (Fig. 1E) . At the end of the procedure, full control of both olfactory nerves, the medial portion of the anterior cranial fossa, the ipsilateral internal carotid artery, the ipsilateral optic nerve, and the complex anterior cerebral-anterior communicating artery was obtained (Fig. 1F) .
Anatomic features under such surgical perspectives were analyzed, and anatomic measurements were performed directly on the selected structures. The length of the ipsilateral and contralateral olfactory tract and bulb was measured, as well as the length and width of the olfactory groove. The adequate technique of dissection of the nerve was also studied, and, finally, the degree of frontal lobe retraction allowed by the nerve mobilization was determined.
RESULTS
Under a perspective corresponding to the microsurgical pterional-transsylvian approach, three different portions of the olfactory nerve, the bulb anteriorly, the tract, and the trigone posteriorly, were identified. The olfactory tract was the first portion of the nerve that came into view after initial fontal lobe elevation, followed by identification of the anteriorly placed bulb. The olfactory nerve was enveloped by a double arachnoidal layer along its extension from the middle to the anterior cranial fossa. Those arachnoidal envelopes continued on the ventral portion of the bulb, covering the olfactory fila in their passage through the foramina of the cribriform lamina. This arachnoidal envelope, constituting the olfactory cistern, was identified in all anatomic specimens. The cistern contained the frontopolar branch of the anterior cerebral artery, despite vascular nourishment being provided by ethmoidal branches.
The arachnoidal dissection was performed in a proximal-todistal manner, toward the bulb. The arachnoidal opening was 
lobe). The internal carotid artery (CA) at its bifurcation and the optic nerve (ON) are visualized (A). The frontal lobe is gently retracted, exposing the olfactory nerve and tract (Olf T). The optic nerve (ON) and the sphenoid wing (SW) are also visualized (B). Sharp dissection in distalproximal manner of the arachnoidal membranes around the olfactory nerve and tract (Olf) in the olfactory cistern (*). The orbital (Orb G), olfactory (Olf G), and rectus (Rec G) gyri are also visualized (C). After dissection, the olfactory nerve can be completely mobilized (D). The falx is incised, and the contralateral olfactory nerve is dissected by use of the same technique. The two nerves are now mobilized. The frontopolar artery (Frontopolar A) in the olfactory sulcus was also identified (E). Overview of the surgical field at the end of dissection at low magnification. Careful dissection of the olfactory nerve allows safe retraction of the frontal lobe, decreasing the risk of tearing the olfactory fila and of battering of the nerve and tract by the spatula (F).
performed on the dorsal surface of the nerve, using both sharp and blunt dissection. It is noteworthy that the arachnoidal dissection turned out to be safer when the instruments were moved in an anteroposterior direction, whereas nerve disruption resulted when it was performed in the opposite direction, because of the traction exerted at the junction of the posterior olfactory tract with the trigone. After the bulb was freed from the arachnoidal envelopes, the arachnoidal dissection was completed along the posterior olfactory tract and trigone.
The overall length of the olfactory nerve averaged 55 mm (range, 50.7-59.3 mm). Under the view of the operating microscope, the bulb appeared as an ovoidal structure with a convex medial edge and a straight lateral edge. At the posterior limit, a slight impression (olfactory sulcus) indicated the borderline to the olfactory tract. The olfactory bulb was situated in the olfactory groove, where it was linked to the ethmoidal cribriform plate by means of the olfactory filaments, or fila. An average of 20 (range, 18-22) olfactory fila for each side were present.
The olfactory bulb turned out to be 12 mm (range, 10.5-13 mm) in length and 5 mm (range, 4.5-5.8 mm) in width. The olfactory groove containing the olfactory bulb was 15.8 mm (range, 13-16.5 mm) in length and 5 mm (range, 4.6-5.9 mm) in width.
The main axis of the bulb was oblique with respect to the olfactory tract, describing an angle of 165 degrees. The superior aspect of the bulb was in contact with the two olfactory gyri, separated from them by a double arachnoidal layer. The inferior aspect was crossed by a number of subtle filaments of the nasal nerve that passed from the anterior internal ethmoidal channel to the ethmoidal foramen. The anterior extremity was insinuated into a dural fold that is known as the "olfactory curtain of Trolard." At the posterior extremity, a sulcus separates the bulb from the olfactory tract.
The olfactory tract is a tie-shaped structure averaging 30 mm in length (range, 23-35 mm). The transverse diameter averaged 5 mm anteriorly, becoming narrower in the posterior portion, where it averaged 2 mm.
The tract tended to became thicker in the posterior portion, assuming a triangular section with three crests: internal, external, and superior. The olfactory tract ends as a pyramidshaped neural structure, indistinguishable from the brain parenchyma, just in front of the anterior perforated substance, called the olfactory trigone.
In all specimens, the falx was opened, exposing the contralateral olfactory nerve. The falx was identified over the crista galli and incised for 20 mm (range, 11-24 mm). Olfactory bulbs seemed to be represented symmetrically in all specimens.
The ipsilateral portion of the olfactory nerve that could be mobilized averaged 30 mm (range, 25-35 mm) in length (Fig.  2) . Such mobilization of the olfactory nerve allowed a higher degree of retraction of the frontal lobe without damaging the nerve. The possible retraction increased from an average of 10 mm to a maximum of 15 mm (Fig. 3, A and B) . More retraction invariably resulted in nerve disruption in all specimens.
DISCUSSION
Recent clinical studies have addressed olfaction preservation during surgery for various lesions of the anterior cranial fossa in either craniofacial approaches or bifrontal craniotomies (5, (7) (8) (9) . Concerning the pterional approach, the relevant literature is rather sparse. Only a few studies have addressed the issue of olfaction preservation for lesions approached via the pterional route (1-3) . There is a lack of microanatomic studies providing information relevant to modern microneurosurgery.
Potential Mechanisms of Olfactory Nerve Damage
According to our observations, three main mechanisms of olfactory nerve damage can be identified ( Table 1 ). The first one is related to the course of the olfactory tract and the bulb within the subarachnoid space. A subtle arachnoid layer invariably runs between the olfactory tract and its sulcus. The olfactory tract becomes increasingly surrounded by subarachnoid space as one moves from the middle to the anterior cranial fossa.
Olfactory filaments are prone to a partial or total avulsion from the cribriform plate during the frontal lobe retraction maneuvers when not preceded by opening of their arachnoidal envelopes. After the sylvian fissure is opened and the frontal lobe slightly elevated, the olfactory tract can be identified. The double arachnoidal layer constituting the olfactory cistern should be opened on the dorsal surface, proceeding anteriorly from the tract to the bulb (Fig. 1C) . It is important to identify the bulb as early as possible and to maintain it in direct contact with the cribriform plate (Fig. 1E) . Such a procedure is mandatory to maintain the anatomic integrity of the nerve because of the fragility of the olfactory filaments.
The nerve can be damaged at the level of the posterior third of the olfactory tract as a consequence of tractions performed during the dissection maneuvers. Such an event is primarily a result of the anatomic features of the nerve, which passes from an average diameter of 5 mm anteriorly to 2 mm posteriorly (Fig. 1E) . We observed that the dissection should be performed with sharp instruments and with the instruments moved posteriorly toward the trigone in a proximal-to-distal direction to avoid such an event.
Finally, a further cause of postoperative olfactory nerve dysfunction is represented by direct pressure damage. Even mild retractor pressure on the nerve can lead to temporary or permanent lesions. We suggest that such a phenomenon could be attributed to damage of the microvasculature lying on the dorsal surface of the nerve, constituted of microscopic branches of the ethmoidal arteries nourishing the nerve (4, 6) (Fig. 1D) .
This study offers an opportunity to increase our understanding of the anatomic features of the intradural olfactory nerve under the microsurgical perspective of the pterional approach. Such awareness increased the degree of anatomic integrity of the nerve during the elevation of the frontal lobe feasible in the individual anatomic specimens.
We measured the overall portion of the nerve that can be freed from the arachnoid envelope and mobilized. The mobilized portion measured 25 to 35 mm. This maneuver permitted a higher degree of elevation of the frontal lobe. We also measured the degree of such elevation. A mobilization up to 15 mm from the cranial base turned out to be possible without damaging the olfactory nerve (Fig. 3B) . Further mobilization invariably resulted in nerve disruption in all specimens. This observation is in line with the clinical considerations of Aydin et al. (1, 2) , who stated that a degree of frontal lobe elevation limited to 1 to 1.5 cm resulted in a lower rate of postoperative olfactory dysfunction.
CONCLUSIONS
In the performance of a pterional approach, standard sylvian and basal cistern opening may be insufficient to guarantee anatomic preservation of the olfactory nerve after frontal lobe elevation. Early identification and arachnoidal dissection of the nerve may reduce the rate of postoperative olfaction compromise. The opening of the subarachnoidal space should be performed in a posteroanterior direction to allow early visualization of the olfactory bulb and its dissection. The arachnoidal dissection should be performed with sharp instruments, avoiding any traction on the posterior portion of the olfactory tract. Such maneuvers allow for an overall mobilization of the nerve of 25 to 35 mm in length, which enables a greater degree of the frontal lobe retraction window up to 15 mm, maintaining olfactory nerve integrity. Any compression exerted by the retractor should also be avoided to spare the microvasculature lying on the dorsal surface of the nerve. 
